Introduction
Philadelphia chromosome-positive (Ph-positive) leukemias include chronic myeloid leukemia (CML) and a subset of acute lymphoblastic leukemia (ALL)Faround 20-30% of adults and 5-10% of children with ALL are Ph-positive. These leukemias are initiated by the abnormal fusion of two genes, BCR and ABL, which results in the synthesis of a Bcr/Abl protein with constitutive tyrosine kinase activity. A kinase inhibitor with relative specificity for Abl, imatinib, is widely used to treat patients with Ph-positive leukemias. Although it is very effective in the chronic phase of CML, patients in the accelerated phase and blast crisis of CML respond poorly to it. In addition, Ph-positive ALL treated with the same drug has an unfavorable prognosis, suggesting that factors in addition to Bcr/Abl are involved in its progression. 1, 2 A number of studies indicate an important contribution of Srcfamily kinases (SFKs) to Bcr/Abl-induced lymphoblastic leukemogenesis. [3] [4] [5] Bcr/Abl-transduced hematopoietic cells from mouse bone marrow lacking Lyn, Hck and Fgr were able to cause myeloid leukemia, but not lymphoblastic leukemia, in transplant recipients. In these mice, inhibition of Bcr/Abl and SFKs together showed greater therapeutic potency than inhibition of Bcr/Abl alone. 6 The SFK member Lyn is also implicated in the development of Bcr/Abl-independent imatinib resistance. 7, 8 Dasatinib (Sprycel, formerly BMS-354825; Bristol-Myers Squibb, New York, NY, USA) is a dual Abl and Src kinase inhibitor that has been developed for the treatment of Ph-positive leukemias. 9 Dasatinib has a 325-fold greater potency than imatinib in inhibiting the activity of nonmutated Bcr/Abl. Moreover, dasatinib, compared with imatinib, is more active against most imatinib-resistant mutant Bcr/Abl isoforms with the exception of the T315I mutant. 10, 11 In the START phase II trials, dasatinib was found to be effective and tolerable to patients with CML or Ph-positive ALL who were intolerant or resistant to imatinib, and the optimal dasatinib dose ranges were confirmed in phase III randomized trials. 12 In 2009, dasatinib was FDA-approved in the United States as second-line treatment for chronic phase CML at a dose of 100 mg 1 Â per day.
Dasatinib is relatively unstable, with a half-life of approximately 3-5 h in the circulation 13 and 24 h after ingestion of 100 mg of dasatinib, concentrations of 1-10 nM were measured in plasma of five patients with CML.
14 Therefore, initially, patients were given dasatinib twice a day, but side effects made this regimen undesirable and a once-daily treatment is now standard. 15 On the basis of in vitro dasatinib treatment, Shah et al.
14 argued that temporary inhibition of Bcr/Abl, consisting of either a pulse of a high drug dose or a prolonged drug exposure, using dasatinib or imatinib, is sufficient to elicit cytotoxicity. These experiments challenged the general assumption that for molecules such as dasatinib to be effective they need to continually inhibit the target kinase, and provide a rationale for using lower drug doses in a clinical setting. However, these conclusions were almost exclusively based on experiments performed with K562, a cell line derived from a patient with CML who developed an erythroleukemic blast crisis.
There have been relatively few preclinical studies that report the use of dasatinib as monotherapy for the treatment of Bcr/ Abl-positive ALL and none that investigate possible drug resistance against dasatinib in this type of leukemia. In previous studies performed in our lab, we modeled the development of drug resistance using lymphoblastic leukemia cells from BCR/ ABL P190 transgenic mice. Using intermediate doses of drugs, a long-term follow-up and stromal support, we were able to generate Bcr/Abl lymphoblastic leukemia cells resistant to imatinib, nilotinib, lonafarnib and a CKIIa inhibitor. [16] [17] [18] [19] In this study, we have investigated different aspects of dasatinib therapy in vitro in the presence of stromal support, using both mouse and human Bcr/Abl-positive ALL cells. Our results show that short-term dasatinib treatment indeed generates a significant amount of apoptosis. However, suboptimal therapy, even given over an extended period of time, readily gives rise to viable drug-resistant cells in in vitro models in which stromal support is provided to the leukemic cells.
Materials and methods

Drugs, reagents and cells
Dasatinib (Toronto Research Chemicals, North York, ON, Canada) and AMD3100 octahydrochloridehydrate 1,1 0 -(1,4-phenylenebis(methylene)bis-1,4,8,11-tetraazacyclotetradecane octahydrochloride) (Sigma-Aldrich, St Louis, MO, USA) were diluted in DMSO.
The murine OP9 stromal cell line (CRL-2749) was purchased from the ATCC (Manassas, VA, USA). The 8093 and Bin2 Bcr/Abl P190-expressing mouse lymphoblastic leukemia cells have been previously described 17, 18 and were grown in the presence of E13.5 irradiated mouse embryonic fibroblasts (MEFs) except where indicated. TXL2 Bcr/Abl P210-expressing ALL cells from a patient at diagnosis were passaged in (NOD/SCID/IL2)r2g À/À mice (Jackson Labs, Bar Harbor, ME, USA). The sample lacked mutations in the ATP-binding pocket of ABL. Leukemia cells harvested from the spleen were plated on irradiated OP9 feeder layers. Mouse leukemia cells were grown in McCoy's 5A medium (Invitrogen Corporation, Carlsbad, USA) supplemented with 15% fetal bovine serum, 110 mg/l sodium pyruvate, 1% L-glutamine, 1% penicillin/streptomycin, 10 ng/ml recombinant IL-3 (Invitrogen Corporation, CA, USA) and 50 mmol/l b-mercaptoethanol. Human TXL2 cells were grown in aMEM including 20% fetal bovine serum, 1% L-glutamine and 1% penicillin/streptomycin.
In vitro treatment with dasatinib
For drug treatment, lymphoblastic leukemia cells were cultured at 1-3 Â 10 6 cells per ml in wells of a 24-or 6-well plate, either in the presence of E13.5 irradiated MEFs or OP9 cells. The Trypan Blue exclusion assay was used to determine viability of cells in triplicate wells. Dasatinib was added every second day along with a fresh complete change of medium. Apoptotic cells were measured using the Annexin V/fluorescein isothiocyanate apoptosis detection kit I (BD Pharmingen, San Diego, CA, USA). For cell-cycle analysis, cells were washed and fixed in 70% ethanol for 1 h. Fixed cells were stained with propidium iodide and subjected to flow cytometry (FACScan; Becton Dickinson, San Jose, CA, USA). For assays of CXCR4 expression, 8093 cells (5 Â 10 5 per ml) were seeded in 24-well plates in the presence of irradiated MEFs. After overnight incubation, cells were treated with dasatinib or dasatinib and AMD3100 for 4, 24 and 48 h before being stained with fluorescein isothiocyanate-conjugated anti-CXCR4 monoclonal Ab (2B11; BD Pharmingen). The mean fluorescence intensity was determined by flow cytometry. Sequencing of the DNA encoding the Abl ATP-binding site was as described by Hochhaus et al.
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Western blotting 8093 cells were treated with various concentrations of dasatinib and lysed in 1 Â RIPA buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS, 5 mM EDTA) containing polymethylsulfonyl fluoride, aprotinin, leupeptin, pepstatin A, Na Fluoride and Na orthovanadate for 30 min on ice. Cell extracts were subjected to 7.5-15% SDS-polyacrylamide gel electrophoresis. Membranes were reacted with phospho-p44/42 MAP kinase, phospho-src family 
Statistical analysis
Statistical analysis was performed with SPSS software (Chicago, IL, USA). Data are presented as mean±s.d. Statistical significance of differences between groups was evaluated using one-way analysis of variance (post hoc Scheffe test). A value of Po0.05 is considered statistically significant.
Results
Dasatinib has significant cytotoxic activity against Bcr/ Abl-positive lymphoblastic leukemia cells
Unlike the K562 cell line used by Shah et al., 14 the ALL cells used in this study, including mouse 8093 and Bin2, and human TXL2 cells, were only grown in tissue culture with stromal support. Because of the continued presence of stroma, their drug sensitivity may be more representative for the in vivo situation. We therefore tested increasing concentrations of dasatinib in the presence of stromal support. As shown in Figure 1a , dasatinib showed a clear dose-dependent effect on the percentage of viable 8093, Bin2 and TXL2 cells. Interestingly, the mouse leukemia cells were much more sensitive than the human TXL2 cells, based on estimated half maximal effective concentrations of 500 nM for TXL2 ( Figure 1a , right panel) versus 0.3 and 0.5 nM for 8093 and Bin2, respectively, after 3 days of treatment.
Next, we investigated whether the inhibitory effect of dasatinib on the proliferation of leukemia cells was associated with induction of apoptosis. As shown in Figure 1b , after 48 h of treatment, dasatinib induced apoptosis in 8093, Bin2 and TXL2 cells, as assessed by Annexin V/propidium iodide staining. However, perhaps because the TXL2 cells grow more slowly than the mouse cells, the effect of 2 days of drug treatment was much less pronounced on them. We also examined the effects of 72-h dasatinib treatment on cell-cycle progression. A significant increase in the numbers of 8093 cells with a DNA content of less than N was seen at concentrations of 0.5 nM and higher, and very few cells treated with 2.5 nM dasatinib had a normal DNA content (Figure 1c) . The inhibitory effect of dasatinib on proliferation was associated with a concomitant decrease in the number of cells in S or G2/M phase of cell cycle. TXL2 cells (Figure 1d ) were similarly affected, although even at the highest dasatinib concentration, a substantial number of cells with a normal DNA content remained. Overall, these results indicate that dasatinib has growth-inhibitory effects on both human and mouse Bcr/Abl-positive ALL cells and induces apoptosis even when cells are grown in the presence of stromal support.
Dasatinib inhibits Bcr/Abl and Src kinases
Dasatinib targets both Bcr/Abl and SFKs. 10, 21 To compare its effect on these two classes of kinases, we treated 8093 cells with Figure 2 shows that P190 Bcr/Abl autophosphorylation was eliminated at around 5 nM dasatinib, as judged by the decline in phosphotyrosine. Crkl is a direct Bcr/Abl binding partner and substrate. Whereas a substantial amount of Crkl protein was tyrosine phosphorylated in nondasatinib-treated cells, increasing concentrations of dasatinib progressively shifted Crkl to its non-tyrosine phosphorylated, more rapidly migrating form. Phosphorylation of Src Tyr 416 was also greatly reduced. Since Nam et al. 22 reported that phosphorylation of Stat5 is a readout for dasatinib-induced apoptosis in K562, we also evaluated Stat5 phosphorylation. As shown in Figure 2 , Stat5 phosphorylation was reduced to about 50%, at 0.25 nM dasatinib. A dose of 100 nM dasatinib eliminated all visible phosphotyrosine on Bcr/Abl, Src and Crkl.
Stroma allows emergence of dasatinib-resistant leukemia cells
The dose-response curve with dasatinib only involved the examination of the 8093 and Bin2 lymphoblastic leukemia cells for a short period. A dose of 0.5 nM eliminated 70% of the 8093 and a dose of 1 nM eliminated 80% of the Bin2 cells within 3 days (Figure 1a) . We next investigated the longer-term effects of treatment with this dose of dasatinib. Dasatinib was added every second day along with a fresh complete change of medium.
As shown in Figure 3a , left panels, consistent with the results in Figure 1 , the viability of leukemia cells in the presence of stroma significantly decreased from 85-95 to 30-40% in the first 3-4 days of dasatinib treatment.
However, viability began to increase in the following days. On the eighth or tenth day, the viability of the cells recovered to a level similar to that of the DMSO treatment group. Thus, the cells were able to proliferate again in the presence of stroma and in concentrations of dasatinib that initially killed most of the cells (Figure 3) . To examine the possibility that these dasatinib-resistant cells contained point mutations in the Abl ATP-binding domain or activation loop, we isolated RNA at day 8 and performed DNA sequencing of this region. However, because no mutations were detected (not shown) dasatinib resistance could not be explained by the most commonly detected structural changes in Bcr/Abl.
A very different outcome of dasatinib treatment was obtained in long-term cultures of the leukemia cells without stroma. Similar to the results reported for K562 by Shah et al., 14 viability of cells without stroma decreased to zero on the fourth day and no drug-resistant cells grew out (Figure 3a right panels) .
We then collected the dasatinib-resistant cells generated on stromal coculture at day 8 (8093-R) and continued treatment with the same dose of dasatinib, but replated half of the cells without stromal support. Interestingly, whereas the 8093-R cells in the presence of MEFs and dasatinib retained viability as expected, the viability of drug-treated 8093-R cells without stromal support decreased to 0 over an 8-day period. This supports the concept that the continued presence of microenvironmental support is needed to maintain the drug-resistant phenotype.
To investigate possible changes in signal transduction during the period that 8093 cells developed the resistance to dasatinib, we collected cell lysates at different time points from day 0 to day 8. As shown in Figure 4 , in the first six days of dasatinib treatment, when viability was declining, the overall levels of phosphotyrosine (PY20), Src Tyr416, pCrkl and pStat5 also declined. However, by the eighth day, when the percentage of viable cells was around 80%, levels of tyrosine phosphorylation on Bcr/Abl, Src, Crkl and Stat5 were restored to those at day 0.
Dasatinib increases CXCR4 cell-surface expression on leukemia cells
In previous studies, we investigated factors that could contribute to the development of drug resistance in coculture of mouse Bcr/ Abl lymphoblastic leukemia cells with MEFs and reported, that the chemoattractant and hematopoietic survival factor SDF-1a secreted by MEFs contributes to survival of these cells during the emergence of imatinib resistance. 16 Interestingly, Jin et al. 23 recently reported that imatinib treatment increased expression of CXCR4, the receptor for SDF-1a, in five peripheral blood samples of patients with CML and in the cell lines K562 and KBM, when the latter were cocultured with mesenchymal cells. Therefore, we investigated if dasatinib could affect cellsurface expression of CXCR4 on leukemia cells when cocultured with MEFs. In these experiments, 8093 cells were plated de novo on MEFs (t ¼ 0 h) and the cells were then sampled for up to 48 h afterwards. Engagement of the CXCR4 receptor with SDF-1a causes rapid internalization of CXCR4. 24 As expected and as shown in Figure 5a , CXCR4 cell-surface expression typically declined in nondrug-treated cells after 48 h, reflecting binding of SDF-1a produced by the MEFs to CXCR4 on the leukemia cells and subsequent receptor internalization. In concordance with this, levels of cell-surface CXCR4 remained much higher in 8093 cells cultured without MEFs for up to 24 h. On the basis of western blot analysis, there was no evidence that the internalized CXCR4 was catabolized, because total levels of CXCR4 did not dramatically change in the different treatments (not shown). Interestingly, 48 h after start of treatment with 1.0 or 2.5 nM dasatinib, there was a significantly higher cell-surface expression of CXCR4 as compared to nondrugtreated cells (Figure 5a) .
The non-peptide bicyclam AMD3100 blocks the binding of SDF-1a to CXCR4. 25 As shown in Figure 5a , treatment of the ALL cells over a period of 48 h with 10 mM AMD3100 significantly abrogated the normal time-dependent removal of CXCR4 from the cell surface. A similar high level of cellsurface CXCR4 was measured in cells treated with both dasatinib and AMD3100 (Figure 5a ). To investigate how this correlated with survival signals, we also measured the viability of the cells during these treatments (Figure 5b ). As expected, control cells that normally internalized CXCR4 maintained normal high viability during the 48 h. Cells treated with 1.0 or 2.5 nM dasatinib, which had increased cell-surface CXCR4 at 48 h, had significantly decreased viability. Cells that were treated with AMD3100 alone and maintained high CXCR4 cell-surface expression were slightly less viable compared to control cells. Interestingly, cells at 48 h that had been treated with both AMD3100 and dasatinib had very high cell-surface expression of CXCR4 (comparable to that of nondrug-treated controls), but very low viability. Because the levels of total cellular CXCR4 as assessed by western blotting of lysates prepared from these cells were not higher than those of control nontreated cells (not shown), we conclude that the dasatinib plus AMD3100-treated cells fail to normally internalize the CXCR4 receptor in the presence of SDF-1a produced by the MEFs.
Discussion
Effective treatment of Ph-positive ALL remains a considerable challenge and dasatinib, because it is a more potent tyrosine kinase inhibitor that targets Bcr/Abl as well as SFK implicated in Ph-positive ALL, is a very promising therapeutic drug. However, most preclinical studies to date focused on the effect of dasatinib on myeloid Ph-positive leukemias. For example, Deguchi et al. 26 compared the growth-inhibitory effects of imatinib, nilotinib and dasatinib against six CML cell lines and reported that dasatinib showed the most potent effects. In addition, it was also effective in imatinib-resistant CML cell lines. 26 Similar results were described by Redaelli et al. 27 who studied the activity of dasatinib, imatinib and nilotinib against 18 mutated forms of Bcr/Abl expressed in Ba/F3-transfected cells.
The first human clinical study with dasatinib 28 reported that nearly all patients with Ph-positive ALL had a relapse within 6 months, although Ottmann et al. 29 reported in a phase II study that dasatinib was safe and effective, and that with the 8-month follow up, it seemed promising. 29 Using models for Ph-positive leukemias in which mice were transplanted with Bcr/Abl-transduced bone marrow, Hu et al. 30 showed that dasatinib inhibits the proliferation of both myeloid and B-lymphoid cells in vivo. However, even after treatment for 3 months with dasatinib, leukemic cells persisted in both models and gave rise to relapse when treatment was discontinued. This shows that relapse during dasatinib treatment is likely and prompted us to examine early steps in possible emergence of insensitivity to it.
In our studies, we confirm that dasatinib is 'effective' against Bcr/Abl-positive lymphoblastic leukemia: it clearly inhibits the proliferation of Bcr/Abl P190-expressing mouse ALL cells and, to a lesser extent, that of human Ph-positive ALL cells, causes apoptosis and knocks down the tyrosine phosphorylation activities of both Bcr/Abl and SFKs. The most critical test of the effectiveness of a drug, however, is its ability to totally eradicate leukemic cells. Using this as criterion, we find resistance against dasatinib can be evoked by providing the leukemia cells with stromal support and using suboptimal doses of dasatinib.
With a half-life of 3-5 h and a once-daily dose regimen, we would expect dasatinib to reach subtherapeutic levels within 24 h in patients. Shah et al.
14 argue that this should not prevent dasatinib effectiveness because leukemia cells treated with such tyrosine kinase inhibitors would be put on an irreversible path to apoptosis. We suggest that it may be very difficult to set ALL cells on the pathway to irreversible apoptosis under conditions that resemble those in vivo. Our results show that stroma provides protection against dasatinib and allows viable cells to emerge even during long-term treatment.
The only other study to investigate dasatinib resistance in Phpositive cells is that of Okabe et al.
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, who found decreased expression of Bcr/Abl during emerging drug resistance in K562. In our study, we did not detect changes in levels of Bcr/Abl protein and we therefore sought alternative mechanisms that could provide protection against dasatinib. Stroma is known to secrete factors that can partially protect Bcr/Abl-expressing cells from the inhibitory effects of imatinib and nilotinib. 32 Using a stromal MEF coculture system, we previously showed that SDF-1a is one of the protective factors that provide support to mouse Bcr/Abl cells treated with imatinib. 16 Indeed, the interaction of the cytokine SDF-1a (CXCL12) with the CXCR4 receptor has a pivotal role in the earliest stages of normal B-cell development and CXCR4 also helps retain pre-B cells in the bone marrow. 33 Because Jin et al. 23 showed that imatinib increases the expression of CXCR4 on imatinib-sensitive KBM-5 and K562 cells, we considered the possibility that dasatinib could induce CXCR4 expression and by this mechanism possibly increase the longer-term survival of the ALL cells. Our results show that fully viable ALL cells that are plated de novo on a stromal feeder layer and are stimulated by the stromal-produced SDF-1a remove the cell-surface CXCR4 over a period of 48 h. We found that Bcr/Abl-ALL cells treated with dasatinib, similar to K562 treated with imatinib or BV-173 cells treated with imatinib or nilotinib, significantly increased cell-surface expression of CXCR4. 23, 34 Because there were no major changes in CXCR4 total cellular protein, our results are consistent with a model in which dasatinib prevents the normal internalization of the SDF-1a-stimulated CXCR4 receptor. Also, treatment with AMD3100 increased CXCR4 cell-surface expression on these cells. Interestingly, the increased cell-surface expression of CXCR4 did not provide a survival benefit to these cells. In contrast, cells exposed to dasatinib and AMD3100 were killed effectively while they had amounts of CXCR4 on their surface comparable to that of nondrug-treated cells at the 4 h time point.
In spite of the importance of the CXCR4/CXCL12 axis for many cell types, surprisingly little is known about the trafficking of the CXCR4 receptor and the significance of this for the transduction of survival and other SDF-1a-associated signals. Early studies in the context of HIV research show that, depending on the cell type, there is a varying degree of spontaneous CXCR4 endocytosis. 24, 35 Internalized receptor can be degraded in the lysosome or recycled back to the cell surface. Binding of SDF-1a to CXCR4 causes rapid internalization of CXCR4 24 and activates numerous tyrosine kinases including Lyn, ZAP-70 and Tec in T cells. 36 On the basis of our data, it is possible that dasatinib interferes with CXCR4 endocytosis and/or transduction of survival signals downstream of CXCR4 by blocking tyrosine kinase activity needed for this. This raises the interesting possibility that one of the mechanisms by which dasatinib kills ALL cells is by interfering with CXCR4 signal transduction.
Our in vitro results suggest that Ph-positive patients with ALL will not be able to achieve a durable response, if dasatinib is used as monotherapy. However, the combination with drugs such as AMD3100 could present an alternative strategy. More than 23 types of cancers other than leukemias express CXCR4 37 and dasatinib is in clinical trials for the treatment of, among others, prostate, pancreatic, non-small lung and metastatic Dasatinib treatment of Bcr/Abl-positive ALLbreast cancer (www.clinicaltrials.gov). The combined treatment with dasatinib and a drug that inhibits CXCR4/SDF-1a could therefore be an interesting alternative approach as well for these types of cancers.
